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ABSTRACT

The Intracellular Na' concentration in the halotolerant alga Dunaliella
salina was measured in intact cells by 2'Na-NMR spectroscopy, utilizing
the dysprosium tripolyphosphate complex as a sodium shift reagent, and
was found to be 88 ± 28 millimolar. Intracellular sodium ion content and
intracellular volume were the same, within the experimental error, in
cells adapted to grow in media containing between 0.1 and 4.0 molar
NaCl. These values assume extracellular and intracellular NMR visibil-
ities of the 'Na nuclei of 100 and 40%, respectively. The relaxation rate
of intracellular sodium was enhanced with increasing salinity of the
growth medium, in parallel to the intracellular osmosity due to the
presence of glycerol, indicating that Na' ions and glycerol are codistrib-
buted within the cell volume.

Members ofthe genus Dunaliella (division Chlorophycophyta,
order Volvocales, family Polyblepharidaceae) have the capacity
to tolerate and adapt to a very wide range of salt concentrations
(0.1-5.5 M NaCl). This is achieved through the ability of the
algae to survive the initial osmotic stress and then adjust their
intracellular solute content to the new level required for the
maintenance of a similar cell volume. Glycerol has been estab-
lished to be the major osmoregulator and compatible solute in
Dunaliella (4, 7). However, there is much controversy concerning
the role of other ions, primarily Na+, in osmoregulation (1).

It is generally accepted that the intracellular Na+ level in
Dunaliella is lower than that of the surrounding medium. This
is also supported by the sensitivity of several of its enzymes to
NaCl (16, 27). However, different values have been reported for
the magnitude ofthe transcellular sodium gradient, ranging from
an intracellular to extracellular concentration ratio of 0.5 (17,
29) to less than 0.1 (13, 22, 25). There is also a disagreement as
to whether the internal Na+ content is a function of the external
NaCl concentration (2, 18) or not (13, 22, 25). We believe that
the origin of the discrepancy lies in the technical difficulties of
separating the relatively small volume oflow-salt-containing cells
from the large volume of extracellular medium containing mas-
sive amounts of salt. Although Dunaliella is very flexible osmot-
ically, it is very fragile mechanically, making the physical sepa-
ration of undamaged cells (with unknown ionic content) from
the medium extremely difficult. Even small contamination of
the cells with NaCl from the outside will produce misleading
results. Methods involving extensive washings may cause cell
damage or induce ion exchange, while different extracellular
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markers have yielded contradictory information about the extra-
cellular space due to adhesion to the cell surface, interference of
the surface coat, or uptake by the algal cells. This also accounts
for the variety of values for the intracellular volume reported by
different investigators.

Recently, Hajibagheri et al. (21) have used x-ray microanalysis
to determine the intracellular Na+ content in Dunaliella. Al-
though in this technique only the intracellular space is examined,
it involves fixation steps which may induce changes in the
composition of the different cellular compartments.

It is clear from the data obtained so far that if one could use a
noninvasive technique for determination of intracellular Na+
that does not require separation of the cells from the external
medium or their disruption, many of the methodological prob-
lems mentioned above will be avoided. We decided, therefore,
to use NMR spectroscopy for determining noninvasively the
intracellular Na+ content in intact Dunaliella salina adapted to
different NaCl concentrations. In recent years, 23Na-NMR spec-
troscopy coupled with the use of Na+ shift reagents (10, 20) has
permitted measurements ofNa+ content and fluxes in living cells
and tissues (8, 9, 11, 15, 20, 23). A drawback in employing 23Na-
NMR techniques for in vivo studies is the uncertainty regarding
the NMR-visibility of the intracellular 23Na nuclei (3, 12). How-
ever, since the visibility should not vary for the same species of
cells under different environmental conditions, comparative
studies ofintracellular content are valid. Verification ofthe cells'
viability and well being under the conditions of the NMR exper-
iment (i.e. aerated in the dark at 4C) can be achieved through
3'P NMR studies of the phosphate metabolites and microscopic
observation (5). We believe that the results reported in this
communication provide a definitive answer to what has been a
controversial issue.

MATERIALS AND METHODS
Growth of Cells and Their Preparation for the NMR Meas-

urements. Dunaliella salina was grown in batch cultures (5).
Algae at the logarithmic phase (1-2.5 x 106 cells/ml) were
concentrated by centrifugation at 4°C (2000g for 10 min). All
subsequent operations were performed at 0 to 4°C. The cells
were washed twice with an isoosmotic NaCl medium or with a
medium containing 0.3 M Na+ made isotonic with glycerol. The
medium also contained 25 mM HCO3 , 5 mM KNO3, 0.2 mM
KH2PO4, 5 mM MgSO4, 0.3 mm CaCl2, and shift reagent at the
indicated concentration at pH = 8.2. In all experiments, the final
cell suspension (1-2 ml of 2 x 109 cells/ml) was transferred to a
10 mm NMR tube and immediately aerated by passing humid-
ified air through silicon tubing immersed in the cell suspension.

Shift Reagent. The shift reagent, dysprosium tripolyphosphate
(Dy[PPP] 2 7), was prepared by mixing 0.35 M DyCl3 *6H20 (Alfa
Chemicals) in 0.1 N HCl with a 0.35 M solution of Na5P3O10.6
H20 (Sigma) to give a 2.5:1 molar ratio.
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NMR Measurements. NMR experiments were performed at
4 ± 1°C (unless indicated otherwise), using a Bruker CXP-300
FT NMR spectrometer. 13Na-NMR spectra were recorded at
79.39 MHz, using 900 pulses and 0.2 s repetition time. An
external reference contained 8.75 mM DyCl3 and 26.25 mM
Na5P3O10. T, measurements were performed by using the inver-
sion recovery method, applying 180°-T-90° pulses. Each meas-
urement included 19 variable T values and was completed within
approximately 30 min. The data were fitted to a uniexponential
decay using a nonlinear best fit analysis (26).

Intracellular Volume Determination. The extracellular space
was determined according to Gupta and Gupta (20), by compar-
ing the normalized integrated intensity of the signal due to
extracellular Na+ ions (A..,) with that of Na+ ions in a control
containing the resuspension buffer (with the shift reagent) and
no cells, in an identical sample geometry (Abuf). The integrated
intensities of the signals were normalized according to the signal
of the external reference. The fraction of the total volume occu-
pied by the cells, Sin, was obtained from

Sin= 1 - Aout/Abuf
and the ratio of the extracellular to intracellular volume was
calculated as

Vout/ Vin = Aout/(Abuf -Aout)

Intracellular Na+ Concentration. Intracellular Na+ concentration
was calculated from the ratio of the integrated intensities of the
resonances due to the intracellular (Ain) and extracellular (Aout)
Na+ ions, the ratio of the extracellular to intracellular volume
and the extracellular Na+ concentration. The intracellular Na+
concentration is given by:

[NaJin] = (Ain/AouJ X (Vout/Vin) x [Na'out]
= (Ain) x [Na+out]/(Abuf -Aout)

This calculation assumes that both the intracellular and extra-
cellular Na+ ions are 100% visible; otherwise, appropriate cor-
rection factors must be introduced.

RESULTS AND DISCUSSION

23Na-NMR Measurements of the Intracellular Na+ Ion Con-
tent. 23Na-NMR was used to monitor noninvasively the intracel-
lular sodium ions of Dunaliella. The signal due to the external
23Na was separated from the intracellular one by addition of the
paramagnetic shift reagent Dy(PPP)2<7 to the medium in which
the cells were suspended. A typical 23Na-NMR spectrum (Fig. 1)
consisted of three well-resolved resonances, intracellular, extra-
cellular, and that of the external reference.

Interference of the shift reagent with the metabolism of Dun-
aliella was ruled out by the observation that the growth rate of
cells in the logarithmic phase of growth was not affected by the
shift reagent at the concentrations used in theNMR experiments.
Examination of 23Na-NMR spectra of aerated cells during pro-
longed (12 h) incubation at 4°C or at room temperature revealed
no change in the extracellular sodium chemical shift, indicating
that the shift reagent remained intact. In several experiments
with cells adapted to low salinities (c0.5 M NaCl) and resus-
pended in a medium containing glycerol and only 0.15 M NaCl,
leakage of Na+ from the cells was observed. However, this never
involved more than 20% of the observed intracellular signal and
ceased about 2 h past the time of harvesting.
A computer SAS nonlinear fitting procedure (NLIN) (26) was

employed for lineshape analysis of the 23Na-NMR spectra. Using
single lorentzian lines for each resonance provided the best fit
for the three peaks. An example of such a fit is presented in
Figure 2. The simulated spectrum (B) almost exactly overlaps
the experimental one (A), and therefore they are shown next to
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FIG. 1. 23Na-NMR spectra of D. salina adapted to different salinities.
Experimental conditions were as described under "Materials and Meth-
ods." Each trace was obtained by accumulating 400 scans (90° pulses,
0.2 s delay) and was processed using line broadening of 5 Hz. A, Cells
grown and measured in media containing 0.1 M NaCl. The measuring
medium contained 4 mm shift reagent. B, Cells grown in 3.0 M NaCl,
and measured in a medium containing 0.3 M Na+, 3.65 M glycerol, and
9 mm shift reagent. Nai., signal due to intracellular Na+; Na00t, signal
due to extracellular Na+. The same external reference (ext. ref.) was used
in both measurements.

each other. The integrated intensities of the signals were derived
from this analysis and used for the determination of the intra-
cellular volume, Na+ visibility, and intracellular content.

Intracellular Volume Determination. The intracellular volume
of D. salina cells adapted to different salinities (0.1-4.0 M NaCl)
was determined using 23Na-NMR, as described under "Materials
and Methods." The fractional volume of 2 x 109 cells/ml was
0.19 ± 0.04 (n = 8). This corresponds to a volume of 95 ± 20
femtoliters per cell, which agrees with the value of 90 femtoliters
per cell determined by Katz and Avron (22). There was no
significant variation of the intracellular volume with the salinity
of the growth medium, within the error of the measurements (±
12-33%). Therefore the value of 95 femtoliters per cell was used
for determining Na+ concentration at all salinities.
Sodium Visibility. The extracellular sodium nuclei were shown

to be 100% visible by the addition of aliquots of a concentrated
NaCl solution to a cell suspension containing 10 mm of the shift
reagent Dy(PPP)2 7. The area of the external sodium signal was
determined relative to the area of the signal due to 0.1 M NaCl
solution inside a concentric tube.
The visibility of the intracellular sodium was determined by

following the leakage of Na+ from cells into the extracellular
medium. As previously noted, Dunaliella cells adapted to 0.5 M
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FIG. 2. Best-fit lineshape analysis of 23Na-NMR spectrum of D. salina adapted to 1.0 M NaCl. Experimental conditions were as described in

Figure 1. The medium contained 0.3 M NaCl, 1.19 M glycerol, and 9 mm shift reagent. A, Experimental spectrum; B, calculated spectrum. The
integrated intensities of the three observed signals were A..t = 1845 ± 1.4%, Ai. = 36.1 ± 11%, and Aref = 26.1 ± 9.2%.

NaCl released Na4 when resuspended in a medium containing
glycerol and a very low (0.15 M) Na+ concentration. Analysis of
sequential spectra from such cells showed, in two independent
experiments, that the decrease in the integrated intensity of the
intracellular signal corresponded to 41 and 48% of the corre-
sponding increase in the integrated intensity of the extracellular
sodium signal. The changes, although small (approximately 20%
of the total internal Na4 content), were statistically significant.
We therefore assume that the intracellular sodium nuclei in
Dunaliella exhibit a 40% NMR visibility, in analogy to that
previously determined in other cells such as Escherichia coli (8)
and yeast (23) and in a variety of biological tissues (12). It should
be noted, however, that it is very difficult to unequivocally
determine the visibility ofthe intracellular 23Na nuclei, and there
exist contradicting reports by different investigators, even for the
same system (e.g. 6, 19). The 40% NMR visibility of 23Na could
arise from rapid exchange between the bulk free internal Na4
and a small fraction (<1 %) of immobilized Na4, causing two of
the three permitted energy transitions to exhibit very short trans-
verse relaxation times (T2) due to quadrupolar interaction. Al-
ternatively, the quadrupolar effect could be due to diffusion of
the free sodium ions between domains ofordered polyelectrolytes
(e.g. nucleic acids, polypeptides). The interaction between Na4
and the polyelectrolytes is electrostatic and does not significantly
limit the freedom of motion of the ions (12, 14). Both interpre-
tations mean that virtually all of the intracellular Na4 ions are
free in solution. In addition, these considerations indicate that
the visibility of such soluble Na4 cannot be lower than 40%.
Indeed, previous reports (3, 8, 12, 23) support this analysis.

Intracellular Na4 Content. The Na4 concentrations in D. salina
adapted to different salinities were determined, assuming 40%
visibility, (i.e. the relevant NMR signal intensities were multi-
plied by a correction factor of 2.5), and are summarized in Table
I. The values in Table I provide an upper limit for the intracel-
lular Na4 concentration. If the visibility of the intracellular 23Na
nuclei was 100%, the values in Table I would have been 2.5-fold
lower (the mean [Na+i4] = 35 ± 11 mM).

Cells adapted to 0.5 M and 1.0 M NaCl were measured both in
an isoosmotic NaCl medium and in medium containing 0.3 M
Na4 made isoosmotic with glycerol. Similar values for the intra-
cellular sodium content were obtained for cells resuspended in
the two types of media (Table I), thus showing that the intracel-
lular Na4 level was not affected by partial replacement of extra-
cellular NaCl by glycerol. For cells adapted to high salinities, an

Table I. Intracellular Na+ Concentration ofD. salina Cells Adapted to
Different Salinities

Cells were grown and intracellular Na4 concentration was calculated
as described under "Materials and Methods." The intracellular volume
was taken as 95 femtoliters per cell and 40% NMR visibility was assumed
for the intracellular 23Na nuclei. The asymptotic standard error in the
estimation of the integrated intensities varied between 4 and 50% for the
intracellular Na+ and between 0.5 and 4% for the extracellular Na+
signals.

NaCl in Growth Medium Intracellular Na+
M mM

0.1 58; 74
0.25 56; 58
0.5 98; 112; 78a; 145'
1.0 62; 68'
2.0 1 14a
3.0 1 a7a
4.0 93a
Mean 88 ± 28 (n = 13)

a Data obtained from experiments in which the cells were resuspended
in isoosmotic medium containing glycerol and 0.3 M NaCl.

isoosmotic medium containing a combination of 0.3 M NaCl
and glycerol was used. This was done to avoid high concentra-
tions of the shift reagent, which caused substantial broadening
of the sodium resonance. Although the presence of glycerol
induced line broadening as well, the overall effect still allowed
sufficient separation ofthe internal and external Na+ signals even
at high salinities (Fig. 1B). Dunaliella cells observed microscop-
ically appear unaffected by this change in their medium. To
further establish the cells' well-being under these conditions, we
have recorded 3"P-NMR spectra of cells adapted to high salinities
(2 and 4 M NaCi) and resuspended in isoosmotic NaCl or NaCl/
glycerol medium. The spectra were similar in both media and
exhibited a similar content ofnucleotide triphosphates (primarily
ATP). The possibility of very rapid efflux of Na+ from the high-
salinity-adapted cells upon transfer to the relatively low-Na4
medium cannot be ruled out completely. However, the equiva-
lent results obtained for cells grown with 1 M NaCl or lower and
measured in the growth medium or in an isoosmolar medium
containing 0.3 M NaCl and glycerol, the constancy of the values
obtained with time, the conserved energy profile of the cells
following the washes (reflected by the 3"P-NMR spectra), and the
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cells were higher. The faster relaxation rates in the cells may be
due to the dependence of the intracellular viscosity on other
intracellular components. This is more pronounced at lower
salinities, where the cells contain a lower glycerol concentration
(4) than at high salinities, where the contribution of glycerol to
the intracellular viscosity is higher, and can explain the more
moderate slope ofthe dependence of l/T1 in the cells. An almost
parallel increase was observed in 1/NTI of the glycerol carbons
with increased salinity (5). These results show that Na+ ions and
glycerol are codistributed within the different compartments of
the Dunaliella cell.

CONCLUSIONS

10 The results presented indicate that the intracellular Na+ con-
centration in Dunaliella salina is around 90 mm (upper limit)
and does not change, within the experimental error, with changes
in the extracellular salinity. It is much lower than that of the
extracellular environment and thus seems not to contribute
significantly to osmotic control in this alga. Moreover, it seems
that the intracellular sodium content is strictly regulated. The T1
measurements suggest that glycerol, the major osmoregulator of
Dunaliella, and Na+ are located within the same cellular com-
partments. This makes unlikely the possibility that Dunaliella
consists of two compartments, one containing a low Na+ con-
centration and osmoregulated by glycerol and the other perme-
able to sodium ions (13, 18).
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FIG. 3. Effect of the growth medium osmosity on the T, relaxation
rates of the intracellular Na+ in D. salina. The osmosity of a solution is
defined as the molar concentration of an NaCl solution having the same
osmotic pressure. Solid line: the change in the relative viscosity ?1/flo, (the
viscosity of a solution relative to the viscosity of pure water) of glycerol-
water mixtures as a function of their osmosity (data from [28]). (@), The
relaxation rate, l/Ti, ofthe "Na nuclei of 50 mm NaCl in water-glycerol
mixtures as a function of their osmosity. (A), The relaxation rate, l/T1,
of intracellular Na+ ions in D. salina cells as a function of the medium
salinities in which they were grown. Each point represents an independent
experiment, the error bars delineate the 95% confidence interval obtained
from the best-fit procedure as described under "Materials and Methods."

microscopic appearance of the cells make it unlikely that such
leakage takes place.
From the results of Table I, it is apparent that the intracellular

Na+ concentration was invariant, within the experimental error,
with the extracellular salinity, and was considerably lower than
that of the growth medium: the extracellular/intracellular con-
centration ratio varied between 1.5 in cells grown in 0.1 M NaCl
to as high as 40 for cells adapted to 4.0 M NaCl. These results
are comparable to the values reported by Pick et al. (24). A
similar value of approximately 90 mm, can be calculated from a
weighted average of the the Na+ concentrations determined by
x-ray microanalysis for the cytoplasm and vacuoles ofDunaliella
parva cells adapted to 0.4 and 1.5 M NaCl (21).

Effect of Salinity on the Relaxation Rate of Intracellular "Na
Nuclei. Using the inversion recovery technique, we determined
the longitudinal relaxation rate (lI/Ti) of the intracellular "Na
nuclei in D. salina cells adapted to different salinities and the 1/
T1 of 50 mm NaCl in different glycerol/water mixtures. The
relaxation rate ofthe intracellular sodium increased with increas-
ing salinity of the growth medium. A similar increase in l/T1,
which correlated with the increase in the relative viscosity (?/?b)
due to the presence of glycerol, was observed in the glycerol/
water mixtures (Fig. 3). However, the absolute l/T1 values in the
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